Circular RNAs (circRNAs) are highly abundant and evolutionarily conserved non-coding RNAs produced by circularization of specific exons. Since their re-discovery as potential regulators of gene expression, thousands of circRNAs were detected in different tissues and cell types across most organisms. Accumulating data suggest key roles for them in the central nervous system. Neuronal-expressed RNAs are diverted to yield highly enriched CircRNAs in human, mouse, pig and flies, with many of them enriched in neuronal tissues. CircRNA levels are dynamically modulated in neurons, both during differentiation and following bursts of electrical activity, and accumulate with age, and many of them are enriched in synapses. Together, available data suggest that circRNAs have important roles in synaptic plasticity and neuronal function. This review covers current advances in the field and lays out hypotheses regarding functions of circRNAs in the brain as well as their putative involvement in initiation and progression of neurodegenerative processes.
The importance of RNA metabolism for brain function Normal brain function requires tightly orchestrated control of gene expression at many levels, including regulation of transcription, mRNA processing and alternative splicing, as well as mRNA transport and regulation of translation. 1, 2, 3 Moreover, the brain displays the highest degree of alternative splicing and editing, which might stand behind the morphological and functional diversity of neurons yielding high complexity of neurons. 1 Numerous rapidly expanding technologies enable the detection and quantification of whole transcriptomes, and have identified strong links between RNA miss-regulation and several neurodegenerative diseases like Amyotrophic Lateral Sclerosis (ALS) and frontotemporal dementia (FTP, 4 ). Specifically, mutations in several RNA binding proteins (RBPs), including TDP-43, FUS, ataxin2 and others are associated with disrupted RNP granule function and protein aggregates in these and other neurodegenerative diseases (e.g. Alzheimer disease). [5] [6] [7] [8] [9] In addition, nucleotide repeat expansions (NRE) within the chromosome 9 open reading frame 72 (C9orf72) gene were identified in a substantial fraction of ALS and FTP patients. 8 The neurotoxic impact of these repeats is still under debate, but loss of C9orf72 function, and the gain-of-function mechanisms of C9orf72 driven by toxic RNA and protein species encoded by the NRE were reported. 4, 10 Therefore, dysfunction of RNA metabolism is hence considered as another important factor important for neurodegenerative disease etiology. 11, 12 Although mRNAs are mainly translated in the cytoplasm (either in free or endoplasmic reticulum-associated ribosomes), some neuronal mRNAs are locally translated in distal compartments including dendrites and synapses. 13, 14 Proper transport and translation of those mRNAs dictates synaptic or dendritic content, affects neuronal activity and plasticity and is essential for adaptive responses to different stimuli. 15 Importantly, disruption of the proper control of mRNA localization and translation is associated with diverse brain diseases such as spinal muscular atrophy (SMA). 16 Taken together, these reports suggest that dysfunction of RNA metabolism and/or intracellular transport might explain certain aspects of the mechanisms underlying neuronal dysfunction in these diseases.
CircRNAs: A new regulation layer of gene expression
Circular RNAs (circRNAs) are highly abundant, tissue-specific and evolutionarily conserved RNAs, and are widely expressed across the animal kingdom. [17] [18] [19] It has been argued that circR-NAs are a by-product of splicing. 20 However, numerous reports argue against this view. First, circRNAs are extremely abundant. Indeed, in many cases circRNA expression is significantly higher than its linear host transcript and generally the expression levels of the circRNAs and linear molecules originated from the same locus are rather weakly correlated, suggesting specific regulation. 17, 21 Second, pioneering studies have now showed functionality of specific circRNAs in both normal physiology and disease. 18, [22] [23] [24] [25] Third, circRNAs are cytoplasmic, whereas most (if not all) undesired splicing products accumulate at the site of transcription. 26 Fourth, circRNAs are evolutionarily conserved at both their sequence level and their pattern of expression, in particular in the brain. 27 Also, the nucleotide sequences of circRNAs are significantly better conserved than their flanking exons, strongly suggesting functional importance. 18, 2128 In addition, hundreds of mouse/human/rat circRNAs are highly and specifically expressed in brain tissues. This expression pattern is highly conserved-80% of all efficiently expressed mouse neuronal circRNAs are also detected in the human brain, with very similar expression patterns across neuronal tissues. 27 CircRNAs are mostly derived from protein-coding genes, tend to be upregulated during neuronal differentiation and span complete exons. 19, 20, 27, 29 They are generated co-transcriptionally via a special splicing event termed 'back-splicing', which is mediated by the spliceosome. 19, 30 Back splicing is the process in which the splice donor splices to an upstream rather than a downstream acceptor. Importantly, we showed that the circularization event competes with the splicing of the linearly spliced form of the same transcript 19 (Fig. 1 ). In general exon circularization is driven by interactions between the introns flanking the exons that will form the circRNA. In this context, RNA-binding proteins and sequence complementarity can both promote exon circularization 19, 28, 31, 32 ( Fig. 1 ). These base-pairings form RNA duplexes that collocate with the splicing sites and facilitate circRNA formation. Importantly, RNA pairing may promote or counteract circRNA formation, as base-pairing within individual introns inhibits circRNAs biogenesis. 2 Therefore, dynamic changes in base-pairing (within individual introns or between surrounding introns) regulate circRNA or linear mRNA expression. Recent reports by others and us found that circRNAs are enriched in neuronal tissues 19, 27, 29 and accumulate with age. 33 In addition, a subset of circRNAs is highly enriched in synapses. 27, 29 Notably, functional roles were so far found for only a small fraction of the thousands of identified circRNAs. Two of these RNAs, CDR1as/ciRS-7 and Sry, can act as miRNA sponges. CDR1as/ ciRS-7 is the best-characterized and most expressed mammalian circRNA, which is also highly abundant in neurons. The CDR1as circRNA originates from the antisense transcript of the Cerebellar degeneration-related protein 1 (CDR1) gene harbors 74 binding sites for miR-7 and binds the miRNA-effector protein Argonaute in a miR-7-dependent manner. 18, 25 Therefore, changes in its levels may bear conspicuous effects on miRNA metabolism. Interestingly, downregulation of CDR1as in mammalian cell culture modifies cell migration and overexpression in the zebrafish brain leads to brain developmental defects. 18 Other functions of circRNAs have been demonstrated for circFOXO3 and circHIPK3 in cell cycle and growth processes. CircFOXO3 inhibits cell cycle progression by forming a ternary complex with cyclin-dependent kinase 2 (CDK2) and cyclin-dependent kinase inhibitor 1 (p21). 23 CircH-IPK3 directly binds and inhibits miR-124 activity, and silencing it results in arrested cell growth. 22 In addition, we recently reported that the splicing factor muscleblind (mbl) hosts a circRNA which is involved in the auto-regulation of this RNA-binding protein. MBL binds to its own pre-mRNA and promotes the circularization of its own 2 nd exon. This mechanism enables tight regulation over circRNA production; when the level of the MBL protein is high, it facilitates circularization of circMBL at the expense of the linear transcript. When the MBL protein level is low, most of the pre-mRNA transcript will be spliced into the linear protein-coding mRNA. Interestingly, the MBL protein strongly binds to circMbl, suggesting the existence of a feedback regulation involving the sequestration and/or transport of this protein. 19 Other factors may contribute to the production of circRNAs, including heteronuclear ribo-nuclear proteins (hnRNPs), serine-arginine rich SR proteins and RNA-binding proteins such as the splicing factor Quaking. 31, 34 These diverse roles indicate regulatory functions for at least part of the brain circRNAs.
Roles for circRNAs in brain function, development and disease
Function Importantly, circRNAs are highly enriched in neuronal tissues in flies and mammals. [17] [18] [19] This could be partially explained by the fact that many more neuronal genes encode for circRNAs in comparison to other tissues. 19 More precisely, 20 percent of the protein-coding genes in the brain produce circRNAs. CircRNAs are generated at the expense of canonical mRNA Figure 1 . A schematic drawing of circRNA biogenesis. CircRNAs are generated co-transcriptionally via a special splicing event termed 'back-splicing'. The circularization event is facilitated by base-pairing of intronic sequences that include highly complementary regions and produce stable circular molecules that are transported to the cytoplasm and other cellular compartments.
isoforms, suggesting that circRNA biogenesis per se may be an important regulator of mRNA production and that their production could function as "mRNA traps". 19, 35 Indeed, in many cases the levels of the circular RNA form is higher than that of the linear mRNA "host." 19, 21 However, this relationship does not seem to be universal, and in several reported cases, there is no correlation between the expression levels of the circRNA and the linear form. 19, 27, 36 This lack of correlation may be due post-transcriptional events leading to high stability of the circRNAs or low half-life of the linear host mRNA. 19, 21 Alternatively, this could be achieved by active transcription and dynamic modulation of circularization efficiencies by coexpression of RNA-binding proteins promoting or inhibiting circularization. Further studies will be required to explore these diverse theories and validate or exclude them.
Many of the circRNA-producing genes are exclusively expressed in the brain. Furthermore, in most cases when the host gene is also expressed in other tissues, the percent of transcripts that produce circRNAs is significantly higher in the brain, 29 suggesting a neural-specific regulation of circRNA production. Examples of genes which host brain-specific circRNAs include circRims2, circTulp4, circElf2, circPhf21a and circ-Myst4, most of which originate from genes with pivotal regulatory functions in neurons and during brain development. 27, 29 Correspondingly, genes that host circRNAs are enriched in gene ontology terms of biological processes related to synaptic function such as nervous system development, neurogenesis, neuron differentiation and include cellular components such as synapse, presynaptic active zone, presynaptic membrane and postsynaptic density. 19, 27, 29, 33 When comparing different brain regions, most circRNAs show expression patterns that are compatible with the expression levels of their linear host genes, but some specific circRNAs are highly expressed in specific brain areas in an unrelated manner to the levels of their linear gene products. Such cases include circRims2, circEl2 and circDym, which are enriched in the cerebellum, whereas circPlxnd1 is enriched in the cortex. 27 Compatible with the notion of their enrichment in neurons, many circRNAs seem to be particularly enriched in the cerebellum, a brain area very dense with neuronal spines, synapses and neurons in general. 27, 29 CircRNAs are highly conserved between mouse, rat and human. This conservation includes at least one out of the two specific splice-sites that generate the circRNA (9049 out of 15849 mouse circRNAs were conserved to human by using this criterion). 27, 29 Thus, the evolutionary conservation of circRNAs in terms of brain region location and developmental time is compatible with the notion of pivotal brain roles.
CircRNAs are mostly found in the cytoplasm, but many of them are localized to and enriched in synapses. 27, 29 This is supported by enrichment of circRNAs in murine synaptoneurosome fractions and in micro-dissected neuropil from hippocampal slices in comparison to cytoplasmic RNA and total brain RNA. Moreover, those findings are compatible with the detection of circRNAs in high-resolution in-situ hybridization assays of cultured hippocampal neurons and hippocampal slices. 27, 29 CircStau2a is an example of this type of circRNAs. It is localized to the synaptic space, unlike the linear mRNA produced from the same gene which is almost exclusively found in the cytoplasm. Another example is circRMST, which shows a distinct subcellular localization from its linear lncRNA form that is predominantly nuclear. 27 The functional significance of the synaptic localization of circRNAs opens intriguing possibilities. For example, circRNAs could be packaged into vesicles and then act as messaging or trafficking molecules between or within cells; in addition, they could serve as carrier molecules that deliver specific cargoes to the synapse (Fig. 2) . Another option is that circRNAs serve as templates for translation, either in the cytoplasm or within the synaptic space, possibly enabling the regulation of translation in response to stimuli. Indeed, it has been recently shown that artificial circRNAs carrying IRES sequences can be translated in insect and mammalian cells. 31, 37, 38 Additional studies will be required to test these hypotheses and validate their physiological significance (see Fig. 2 ).
Recently, it was reported that neuronal activity changes circRNA expression. Induction of homeostatic plasticity by the use of bicuculline, an antagonist of the GABA-A receptor caused dynamic changes in circRNA expression in mouse primary neurons. Dozens of circRNAs were upregulated (including circHomer, circNell2 and circMpped1), and several others were downregulated, while most of the linear transcripts remained stable following the pharmacological treatment. For example, circHomer is significantly upregulated in both the neuronal somata and in dendrites of murine primary neuron cultures as well as in both the stratum pyramidale (somatic layer) and stratum radiatum (neuropil layer) of mouse brains. 29 This regulation implies that circRNAs are either produced or transported in response to changes in neuronal activity, suggesting specific functions of those molecules in synapses.
Another level of circRNA regulation involves RNA editing. The RNA-editing enzyme ADAR, which plays key roles in development and function of the nervous system 11,39 is a strong modulator of circRNA production. 28 ADAR editing enzymes can efficiently bind and edit reverse complementary sequences, leading to the disruption of RNA secondary structures, which in some cases are key for the modulation of circRNAs production. 2, 28 Indeed, intronic complementary sequences surrounding circRNAs are enriched in A-to-I editing cites, including hyperediting. 28 Therefore, it is not surprising that ADAR1 activity antagonizes with circRNAs production by inhibiting inter-intron interactions. 27, 28 More specifically, ADAR1 knockdown increases circRNAs production. 28 These observations were also extended to Drosophila, suggesting that this regulation is universal. 27 In flies, dADAR levels and activity are strongly regulated by temperature, with more editing events occurring at 18 C than at 29 C. Not surprisingly, we recently reported that more circRNAs are produced in flies after their transfer for 3 days to 29 C. 27 Thus, given that circRNA expression occurs at the expense of the host mRNA, the modulation of circRNA expression by ADAR might serve as another layer of regulation of the linear host gene expression, independent of putative functions of the circRNA in trans.
CircRNAs are extremely stable, mostly because of their resistance to exonucleases; they consequently display half-lives longer than 48 hours. 19, 35 It is therefore possible that circRNAs might serve as "memory" molecules, and encode information that may be stored or even passed on between cells (Fig. 2) . For example, one could imagine that upon stressful insults, many mRNAs and circRNAs will be produced. As the system goes back to cellular homeostasis, the transcriptome would come back to its normal steady-state, but the extremely stable circRNA molecules may persist for most of the host's lifetime, especially in organisms with short lifespan such as flies or worms.
CircRNAs in development
Neuronal differentiation and development reflect a complex sequence of events that are tightly regulated and are not yet fully understood. 40 Different types of coding and noncoding RNAs such as miRNAs and long non-coding RNAs (lncRNAs) are involved in these regulatory events. 41, 42 Recently, several reports described important features of circRNA regulation in neuronal development, indicating possible regulatory involvement of circRNAs in these processes. 27, 29, 36 In general, circR-NAs are up-regulated during neuronal differentiation in human and murine cell culture systems as well as in mouse primary neurons and porcine brains. 27, 29, 36 In addition, the expression of circRNAs is temporally and spatially changed during neural development, with no apparent correlation to their linear host gene expression. This could indicate a possible requirement for circRNAs in different neuronal tissues and developmental processes.
During differentiation, the number of detected circRNAs increases significantly. 27, 29 These include highly abundant circR-NAs such as CDR1as/CiRS-7, circRTN4, circTULP4 and cir-cRIMS2. 27, 29 This increase in circRNAs levels suggests that the circularization events are important for neuronal function. Thus, many circRNAs are expressed at different time-points of neuronal differentiation and maturation, and especially during postnatal development. This timeline is compatible with the establishment of neuronal networks and synaptic connections. Intriguingly, many of these circRNAs are the circular products of genes that encode for proteins with synapse-related functions, perhaps indicating a homeostatic role of circRNAs in ensuring a functional balance during neural differentiation. 27 In many cases, circRNAs that are differentially expressed during synaptogenesis show no correlation with the expression level of their linear host genes, indicating that their expression is due to specific regulation of the circularization events and/or turnover, but not due to changes in the overall overexpression of those genes. Examples for these circRNAs are circMyst4, circKlhl2 and circAagab, whose circular forms are significantly upregulated during differentiation whereas their linear transcripts are downregulated. 29 In addition, many circRNAs that were deregulated during neuronal differentiation in murine cell lines or in mouse brains showed similar expression patterns to circRNAs in differentiating human SH-SY cells, indicating a conserved role of circRNAs expression during neuronal differentiation. 27 Unlike the developing murine brain and differentiated cell culture systems, the developing porcine cortex demonstrates a different pattern of expression and accumulation of circRNAs. The number of circRNAs detected increases in the first cortical development stages (E23, E42 and peaked at E60), but drastically decreases later in brain development (E80, E100 and E115). 36 The timing of the observed peak in the porcine cortex correlates with processes of gyration, and therefore may indicate a regulatory role for circRNAs specifically during this period. Also, the dynamic expression of a large number of circRNAs is significantly higher in comparison to their host linear transcripts (at least in one of the measured developmental stages). The spatial and temporal expression patterns of circR-NAs in the developing porcine brain are also noticeably different from those of mice; brain regions such as the hippocampus, brain stem and cerebellum exhibit distinct patterns of expression, with the highest accumulation of circRNAs in newborn pigs, the last developmental stage measured (E115). 36 This may indicate a precise requirement for specific circRNAs in different regions within the brain and at different developmental stages. Enriched pathways associated with the host genes of circRNAs peaking during development include axon guidance, Wnt signaling and TGF-b signaling, 3 pathways that play key roles during embryonic brain development, and are involved in processes such as neuronal migration, specification of axons and dendrites during embryonic development and neuroprotection. 36 The issue of circRNA localization within the cell was also addressed for specific candidates and interestingly, one specific circRNA changes its subcellular localization during development: circZEB1 is mainly localized in the cytoplasm in E60 but at E80 it is exclusively localized in the nucleus. 36 The developmental and species-specific expression patterns of circRNAs indicate evolutionary changes in their embryonic roles within the mammalian brain, opening novel routes for future interrogations.
CircRNAs in neurodegeneration
Several reports link circRNAs to brain degeneration and disease, and in particular CDR1as/ciRS-7, which is the best-characterized and most highly expressed mammalian circRNA. 25 As mentioned above, The human CDR1as/ciRS-7 harbors 74 binding sites for miR-7 and is associated to the Argonaute protein in a miR-7-dependent manner. 18, 25 Intriguingly, miR-7 has been implicated as key regulator of both various cancers 24 and neurological diseases such as Parkinson disease (PD). Several studies suggest a neuro-protective role for miR-7 in dopaminergic neurons: miR-7 can target the PD-related a-synuclein protein and is involved in protecting neurons against cell death induced by the dopaminergic neurotoxic compound 1-Methyl-4-Phenyl-Pyridinium (MPP (C)) via up-regulating the mTOR pathway. [43] [44] [45] [46] CDR1as/ciRS-7 is also strongly miss-regulated in the hippocampal CA1 region of Alzheimer disease (AD) patients. 47 Moreover, neural overexpression of CDR1as/ciRS-7 in zebrafish leads to brain developmental defects and impairment in midbrain development, which resembles the phenotype of miR-7 knock-down. 18 The sponge function of circRNAs, and specifically CDR1as/ciRS-7 may hence take an active part in the initiation and progression of PD.
In fly heads, circRNAs accumulate with age, revealed by a significant age-related increase in circRNA abundance when comparing flies of 1, 4 or 20 days 33 Indeed, RNA purified from heads of aged Drosophila yielded the highest number of circR-NAs detected in comparison to any other Drosophila tissue or developmental stage, even when compared to the linear host transcripts. The expression of 262 circRNAs is significantly higher at the age of 20 days in comparison to day 1 heads, and these host genes are enriched for functional annotation pathways that are related to synaptic function, signaling and developmental processes. 33 However, it is not yet known whether accumulation of circRNAs during aging is an evolutionarily conserved feature that is also manifested in other metazoans, and in particular in mammals. Further research should aim at finding the answers to these key questions and be focused on the possible function of circRNAs in the aging brain and the link to other neurodegenerative diseases and cellular senescence in the brain. To conclude, the relevance of circRNAs to neurodegenerative and generally to brain diseases may be twofold. In addition to putative roles of these molecules in the disease itself, they are great candidates to serve as biomarkers, thanks to their extreme stability and abundance in blood. 48 Indeed, circRNAs have already been shown to be good biomarkers for different types of cancers. 23, 24, 49 Future prospects and concluding remarks Many neuronal genes generate multiple circRNAs. These "hotspots" for circRNA production usually involve splicing with one specific exon, either at the splice donor or splice acceptor. This suggests that the cis or trans-acting elements provide specific exons with circularization capability. This also implies that circRNA levels are tightly regulated.
It is possible that the high degree of exon circularization in the brain is a mere byproduct of the high degree of alternative splicing in the brain, 1,3 after all circRNA biogenesis can be viewed as a particular type of alternative splicing, mediated by the spliceosome. 19 However, as circRNAs are not produced from exons that are usually alternative spliced, their production is not the sub-product of other alternative splicing events, 17, 21 possibly indicating a distinct process with particular neuronal roles.
Previous data showed rapid accumulation of circRNAs under induction of neural differentiation in murine and human cell culture models and accumulation in heads of aging Drosophila. These reports raised the question if circRNA expression is a mere byproduct of transcription, especially since neurons are non-dividing cells and would accumulate stable molecules. However, this is not always the case in the porcine brain, a system in which circRNA expression is dynamically modulated during development. There, circRNA expression is highly dynamic and seems to be tightly regulated in development. Understanding the full repertoire of modulators of circularization events is needed in order to elucidate the regulatory potential of these new molecules and more specifically, their roles in neuronal differentiation and maturation. At present, there is no information on the celltype specificity of circRNAs. Therefore, it would be very useful to profile circRNAs originating from different brain cell types, particularly specific neurons and glia and additionally, map the circRNA populations in different neuronal cell types involved in diverse transmission processes (dopaminergic, cholinergic etc.), and determine the ability of those cells to potentially release and transport circRNAs within the brain's network. In summary, although the functional importance of circRNAs is still not fully understood, it is clear that these molecules are important, as they are evolutionarily conserved, highly expressed and dynamically modulated throughout the brain. Their study has brought a lot of excitement, as they seem to constitute an uncharacterized and unique layer of gene expression regulation.
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